aureus cells. Confocal scanning laser microscopy (CLSM) showed that calcein was lost 23 within approximately 20 min in CDC biofilms, demonstrating that nisin penetrated to the 24 bottom of the biofilm and caused membrane permeabilization. Viability analysis using PI 25 staining showed that nisin was bactericidal against S. aureus sessile cells. Time-kill 26 assays were performed against S. aureus in the following conditions: homogenized 27 exponential planktonic (HEP), homogenized stationary planktonic (HSP), homogenized 28 CDC biofilm (HB) and intact CDC biofilm (IB). The mean viability reduction of HEP and 29 HSP were 6.71 and 1.64 log CFU.ml -1 , respectively, confirming that stationary S. aureus 30 cells were much less susceptible than exponential cells. The HB and IB treatments 31
showed mean viability reductions of 1.25 and 0.50 log CFU.ml -1 , respectively. Nisin 32 activity against S. aureus was not limited by its ability to penetrate the bacterial biofilm, 33 but the killing efficacy of the antimicrobial peptide was reduced by the physiological 34 status of the biofilm-grown cells. 
Minimum inhibitory concentration 139
Minimum inhibitory concentrations (MIC) for nisin were determined using the CLSI 140 micro-broth dilution method (39). S. aureus AH2547 was grown as previously described. 141
The nisin concentration range tested varied from 0.1 to 12.5 mol.l -1 . TSB media was 142 used and the inoculum was standardized to 10 5 CFU.ml -1 . The MIC was defined as the 143 lowest concentration of nisin that caused complete growth inhibition of after 48 h of 144 incubation at 37°C. Results represent the mean values ± standard deviation (SD) of two 145 independent determinations performed with three replicates. 146 147
Calcein-AM staining 148
Overnight planktonic cultures of S. aureus AH2547 were centrifuged and resuspended 149 in 1 ml of sterile water. These cell suspensions were stained with 20 l of CAM stock 150 solution for one hour at room temperature. Excess CAM was removed by centrifugation. 151
Similarly, CDC coverslip biofilms were gently immersed into 2.5 ml PB added with 50 l9 of CAM stock solution for one hour at room temperature. Excess CAM was removed by 153 rinsing with PB without CAM. 154
155

Nisin effect on cytoplasmic calcein retention 156
Overnight planktonic cultures of S. aureus AH2547 were stained with CAM as described 157 above. The stained cultures were exposed to 15 or 150 mol.l -1 nisin for 60 min at room 158 temperature. The control treatment was performed using PB without nisin. After the 159 treatments, the samples were filtered (Lab System 3 -Millipore Corporation, Bedford, 160 
Artificial coverslip biofilm 167
CAM-stained overnight planktonic cultures of S. aureus AH2547 were transferred to a 4 168 % solution of 2-hydroxyethylagarose (A4018-Sigma-Aldrich, St. Louis, MO, U.S.A.) at 169 50 ºC ± 5 ºC with a 1:1 proportion. The mixture was immediately vortexed and small 170 drops were transferred onto circular glass coverslips to create the artificial coverslip 171 biofilms (1.5 Micro Cover Glass-72225-01; Electron Microscopy Sciences, Hatfield, PA, 172 U.S.A.). Syringes (1 ml) with 25 G 1½ needles (305127-Precisionglide) were used to 173 dispense the drops. The glass coverslips with artificial biofilm drops were covered with 174 PB until use. The experiment was performed with three biological replicates.
10
176
CDC biofilms 177
Sessile S. aureus AH2547 cultures were grown in CDC biofilm reactors (Biosurface 178
Technologies Inc., Bozeman, MT, U.S.A.) (40) on glass coupons. Briefly, 1 ml of an 179 overnight planktonic culture was transferred to a reactor containing 400 ml of full-180 strength TSB media (30 g.l -1 ) and 10 ug.ml -1 of CHL (Fisher Scientific, Pittsburgh, PA, 181 U.S.A.). Cultures were incubated at 37 °C with constant stirring (125 rpm). After 24 h of 182 batch growth, the continuous flow (11.7 ml.min -1 ) of one-tenth-strength TSB (3 g.l -1 ) was 183 When appropriated, biofilm samples were submitted to cryosection analyses as 275 described above. This experiment was performed with two biological replicates and two 276 technical replicates. 277
278
Viable cell count of CDC biofilms 279
In order to determine viable cells of S. aureus in CDC biofilms, sessile cells were 280 enumerated as previously described (40), with the modifications described below. 281
Biofilm from the outward-facing side of the CDC coupon were scraped with a sterile 282 wooden applicator stick. On average, four applicator sticks were used for each coupon. 283
Each stick was rinsed and stirred into the same 10 ml volume of isotonic saline solution. 284
Solutions were homogenized for 30 sec (5,000 rpm; IKA T25 digital Ultra Turrax) and 285 serial dilutions were performed. Aliquots of 20 l from each dilution were transferred 286 onto TSA plates and colonies that appeared after 24 h of incubation at 37 ºC were 287 counted (42). 288
Statistical analysis 290
Statistical analysis was performed using GraphPad Prism (GraphPad Prism Software 291
Inc., San Diego, CA). Data from nisin susceptibility tests were presented as the mean 292 values ± SD. Significance of interaction effects between nisin and time of treatment was 293 determined using a two-way repeated-measures ANOVA test. Post-hoc pairwise 294 multiple comparison procedures included the Bonferroni test (comparing the mean of a 295 treated group) and Student-Newman-Keuls test (comparing the factor level mean within 296 a treated group). The probability level for statistical significance was P<0.05. 297
Results
299
The MIC of nisin against S. aureus AH2547 was 1.56mol.l -1 (data not shown). 300
To account for the physiological heterogeneity between planktonic and sessile cells and 301 the increased resistance to antimicrobials of biofilm-grown cells, subsequent killing 302 assays were performed using 15 mol.l -1 (~10x MIC) or 150 mol.l -1 nisin (100x MIC). 303
To verify the ability of nisin to cause membrane permeabilization of the target cells with 304 consequent loss of calcein (a fluorescent intracellular dye), overnight planktonic cultures 305 of S. aureus AH2547 stained with CAM were exposed to nisin. First, the absence of red 306 fluorescence was confirmed in a negative control treatment performed with cultures of 307 S. aureus AH2547 not stained with CAM but treated with nisin ( Fig. 2A) . These cultures 308 fully retained their GFP fluorescence (green fluorescence) after nisin treatment, 309 confirming that nisin does not cause significant loss of GFP fluorescence during 60 min 310 of treatment. Additionally, cultures of S. aureus AH2547 stained with CAM and treated 311 with buffer without nisin retained most of their red fluorescence (Fig. 2B) . However, 312 when S. aureus AH2547 cells stained with CAM were treated with nisin (15 mol.l -1 313 nisin), an almost complete loss of intracellular calcein was observed (Fig. 2C ). This 314 effect was even more dramatic when S. aureus cells were exposed to 150 mol.l -1 nisin 315 (Fig. 2D) . These results confirmed that calcein could be a useful marker to monitor the 316 antimicrobial activity of nisin on S. aureus AH2547 cultures. 317
To adjust experimental conditions and to monitor the activity of nisin with 318 consequent loss of intracellular CAM in immobilized cells under a flow treatment, we 319 developed an experimental approach to allow direct real-time evaluation of the bacterial 320 biofilms treated with nisin. Stationary phase cultures were stained with CAM and 321 immobilized in artificial coverslip biofilms made of agarose gels in a custom-made flow 322 cell and fluorescence was monitored with TL-CLSM. (Fig. 3) . Both calcein and GFP 323 fluorescence in untreated artificial coverslip biofilms were consistently retained 324 throughout the treatment confirming minimal photobleaching and photodamage over 325 treatment time (Fig. 3A-F, Movie S1 ). However, when artificial coverslip biofilms were 326 treated with 15 mol.l -1 nisin, the red calcein fluorescence was progressively lost while 327 the green GFP fluorescence was maintained over time, indicating extensive membrane 328 permeabilization ( Fig. 3G-M , Movie S2). Red fluorescence dissipated uniformly at the 329 edges and at the center of the artificial biofilm. 330
S. aureus AH2547 CDC coverslip biofilms were then submitted to flow cell 331
reactor treatments similar to what was applied to the artificial coverslip (Fig. 4) . In 332 agreement with the previous assay, GFP fluorescence was retained in both control and 333 nisin treated specimens over the incubation time. Although the red calcein fluorescence 334 varied over incubation time in both control and nisin treatments, nisin-treated biofilms 335 lost the red calcein fluorescence much faster and thoroughly than the control treatment 336 (Fig. 4D-F , Movie S3 and S4). These observations confirmed that nisin could penetrate 337 into the biofilm and disrupt the integrity of the cytoplasmic membrane of S. aureus 338 sessile cells. Membrane permeabilization in both artificial biofilms and CDC coverslip 339 biofilms in the flow cell reactors were quantified by the change in red (calcein) to green 340 (GFP) fluorescence ratio (Fig. 5) . In the artificial biofilm assay, the decrease in red to 341 green fluorescence ratio was much greater in the nisin treated samples (85 % reduction 342 after 60 min exposure) than in untreated controls (15 % reduction after 60 min 343 exposure). The time for the red to green fluorescence ratio to drop to half of its initial 344 value in artificial S. aureus biofilm exposed to nisin was 28 min (Fig. 5A ). In the CDC 345 coverslip biofilm assay, control treatments showed a gradual reduction of the 346 fluorescence ratio during continuous flow treatment with approximately 17 % loss in the 347 red to green fluorescence ratio after 15 min. In contrast, the CDC coverslip biofilm 348 treated with nisin showed a more pronounced decrease in fluorescence ratio with 349 approximately 75 % of the red to green fluorescence ratio over the same 15 min 350 interval. The time required to reach half of the initial value of the red to green 351 fluorescence ratio in S. aureus CDC coverslip biofilms was 11 min when exposed to 352
nisin (Fig. 5B). 353
To further investigate the ability of nisin to penetrate bacterial biofilms and affect 354 cell viability, biofilms of S. aureus AH2547 were grown on CDC coupons in the CDC 355 biofilm reactor, treated with nisin, and stained with PI. Biofilm cryosection samples were 356 analyzed by confocal microscopy (Fig. 6) . Cells with damaged membranes are 357 expected to take in the red PI whereas intact cells should not stain red. Expected 358 morphological variations were observed among the CDC S. aureus biofilm specimens, 359 such as differences in biofilm thickness and the presence or absence of robust biofilm 360 clumps. Absence of red fluorescence was confirmed on control samples without nisin or 361 PI staining (Fig. 6A ). Additionally, as described above for planktonic cells, nisin 362 treatment did not change the GFP fluorescence in biofilm cells (Fig. 6B) . Untreated 363 biofilm samples stained with PI, showed some red fluorescence even though the cells 364 had not been exposed to nisin (Fig. 6C) . These results suggested that some bacteria in 365 the biofilm were already dead or were naturally more permeable to PI. In contrast, most 366 biofilm samples treated with nisin were completely stained by PI (Fig. 6D) . Nonetheless, 367 it should be pointed out that, in only a few cases, differences in biofilm thickness or the 368 presence of clumps in the biofilm affected PI staining of nisin-treated samples (Fig. 6 E) . 369
The viabilities of S. aureus AH2547 cultures in different physiological states were 370 particularly affected when exposed to different nisin concentrations (15 mol.l -1 and 150 371 mol.l -1 ). Relevant changes in viable cell number could be observed at different time 372 intervals for most samples, demonstrating significant interaction between nisin and 373 exposure time (P<0.001) (Fig. 7) . In general, planktonic cultures showed high 374 susceptibility when compared to sessile cells. Homogenized exponential planktonic cells 375 (HEP) were highly sensitive to 15 mol.l -1 of nisin after only 5 min of exposure. HEP 376 viability decreased below the detection limit with a log reduction of at least 6.99 ± 0.78 377 log CFU.ml -1 . As expected, a similar decrease in viability was observed when a 10-fold 378 In this work, we experimentally confirmed that nisin, a polycyclic lantibiotic widely 391 recognized as an effective antimicrobial agent against several bacterial pathogens, 392 could penetrate into a bacterial biofilm and cause membrane permeabilization of S. 393 aureus cells. We also showed that membrane integrity loss correlated with a decrease 394 in bacterial viability. To achieve this, we used a flow cell reactor coupled with real-time 395 TL-CLSM to provide a direct evaluation of nisin penetration through S. aureus biofilms. 396
Calcein release was used to monitor the ability of nisin to form pores in the cytoplasmic 397 membranes of S. aureus cells (Fig. 2) . Calcein dye shows a stronger fluorescence 398 under cytoplasmic conditions, but a loss in cell membrane integrity causes a rapid 399 release of the dye (43, 44). Previous work demonstrated that calcein can easily diffuse 400 through bacterial biofilms without disrupting their structure, which was an useful feature 401 for the present study (44). In addition, to overcome the limitations of light penetration 402 through the entire biofilm while it was being exposed to nisin, we changed the location 403 of the focal plane at the bottom of the biofilm and near the coverslip interface. This 404 allowed us to monitor the GFP and calcein fluorescence in the biofilm, confirming that 405 nisin was able to fully penetrate established biofilms and kill sessile cells. Therefore, in 406 our flow cells, the deepest regions of the biofilm (i.e. the bottom of the structure), was at 407 the top of the flow cell, against the inner side of the coverslip, which allowed us to 408 effectively image the penetration of the antimicrobial peptide into the bacterial biofilm. 409
These results also indicated that nisin did not mechanically disrupt the artificial or the 410 CDC biofilms (Fig. 3 and 4) , corroborating with previous observations (35, 36, 44) . 411
Our artificial biofilms containing bacteria entrapped into agarose gels were much 412 thicker than the CDC coverslip biofilms, a feature that appeared to affect the release of 413 calcein from the biofilm. In the artificial biofilm, calcein loss was not significant for at 414 least 17 min after the start of the nisin treatment compared to the CDC coverslip biofilm, 415
indicating that the effect of the antimicrobial peptide on the biofilm was being influenced 416 by microbial biomass and the thickness of the extracellular matrix (17). It is also 417 important to note that some decrease in calcein fluorescence was observed in control 418 treatments, mainly in the CDC coverslip biofilms, which might be caused by active 419 esterases released into the extracellular matrix (from cell lysis) that could hydrolyse the 420 calcein in the biofilm matrix followed by its subsequent loss (wash out) of the fluorescent 421 dye due to the flow treatment (45, 46) 422 PI staining confirmed that nisin could penetrate the bacterial biofilm and affect the 423 membrane permeability of sessile S. aureus cells (Fig. 6) flow cell treatment in a rate of 2 ml.min -1 during 1 h at room temperature were detected 694
